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Equipment was designed and constructed for measuring the spectral emittance of polycrystalline 
ceramic oxide specimens in the wavelength region 1 to 15 /x and at temperatures of 1200, 1400, and 
1600 °K. Specimens consisted of small hollow cylinders that were rotated at 100 rpm in a furnace 
cavity equipped with a water-cooled viewing port. Emittances were determined by comparing the 
radiance of the specimen to that of a blackbody at the same temperature. 

A series of six measurements (two measurements each on three specimens) was made on commer- 
cially pure specimens of alumina, thoria, magnesia, and zirconia. All four materials showed similar 
behavior in that the emittances were low in the shorter wavelength regions and high at the longer 
wavelengths. The temperature coefficients of spectral emittance were positive for all four materials, 
but varied with the material; those for thoria were appreciably higher than the other three. In all cases 
coefficients were greater at short wavelengths than at long. 

Error sources were investigated, and the measurement uncertainties associated with each source 
were evaluated. It was concluded that at 1200 °K the true values of emittance at 2 fx for the particular 
specimens measured might be as much as 0.032 lower or 0.012 higher than the reported values. The 
data were in good agreement with reflectance measurements of the same material and with recently 
reported absorption coefficients. 
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tainties, spectral emittance, thermal radiation, thoria, zirconia. 
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1. Introduction 

Knowledge of the spectral emittance x of ceramic 
oxides at high temperatures is important, not only 
because of the many potential space applications for 
materials of this type, but also to obtain an improved 
understanding of the thermal emission mechanism 
in solids. Several investigators have made spectral 
emittance measurements on oxide materials; how- 
ever, wide variations in the data are evident, espe- 
cially in the shorter wavelength regions. 

The lack of better agreement may be due, at least 
in part, to certain measurement problems that exist 
when determining the emittance of ceramic speci- 
mens. Three of the more important of these prob- 
lems are 

(A) Temperature gradients in specimens. Sizable 
temperature gradients are generated when a station- 
ary ceramic oxide specimen is heated to a high 
temperature in such a way that it is free to radiate 
from an exposed surface. These gradients, which 
result from the low thermal conductivity of the ma- 
terial, create serious measurement problems. The 
radiation emitted from a ceramic oxide specimen 
originates not only from the outermost surface layer, 
as it does for metals, but also from volume elements 
at appreciable distances below the surface. Hence, 
when a gradient is present it becomes virtually im- 
possible to assign a unique temperature to the source 
of the emitted radiation, and without a knowledge of 
this temperature, a reliable emittance measure- 
ment becomes impossible. 

(B) Extraneous reflected radiation. Polycrystal- 
line ceramic specimens are known to reflect thermal 
radiation diffusely rather than specularly. This 
means that any thermal radiation striking the viewed 
area of the specimen, regardless of the angle of inci- 
dence, will be diffusely reflected with some of it 
entering the specimen beam to give high values of 
emittance. Thus, unless elaborate precautions are 
taken to exclude this diffusely reflected radiation, 
for instance from furnace walls, measurements can 
be high by sizable amounts. This source of error 
becomes especially critical with ceramic specimens 
in the shorter wavelength regions where reflectance 
often exceeds 0.90. 

(C) Extraneous transmitted radiation. Many sin- 
gle crystal oxides, such as sapphire, have a very 
high transmittance for radiation in the near infrared. 
However, when the same oxides are finely ground 
and then bonded by high temperature sintering, the 
material becomes less transparent because of internal 
scattering effects (multiple internal reflections at in- 
terfaces) and in this way it is sometimes possible to 
prepare polycrystalline specimens that will be sub- 
stantially opaque to radiation in the near infrared 
at thicknesses as low as V4 in. If the specimen to 
be measured is not opaque, then serious errors will 



result due to radiation from the furnace enclosure 
passing through the specimen and entering the speci- 
men beam. 

A rotating specimen method was chosen for the 
investigation described herein, since this approach 
minimizes temperature gradients in specimens. The 
present report begins by describing the earlier appli- 
cations of this method. Subsequent sections include a 
description of the equipment and the measurement 
procedure, a detailed discussion of errors, and, 
finally, the results of spectral measurements for 
polycrystalline specimens of alumina, thoria, mag- 
nesia, and zirconia at 1200, 1400, and 1600 °K. 

The investigation was conducted at the National 
Bureau of Standards. However, it was carried for- 
ward under the sponsorship and with the financial 
assistance of the National Aeronautics and Space 
Administration. 



2. Rotating Specimen Method 

2.1. Selection of Method 

A review of earlier methods used to measure the 
emittance of nonmetals indicated that one of the 
best approaches for reducing temperature gradients 
in a ceramic specimen to workable levels is to move 
the heated specimen past a water-cooled viewing 
port. In this way, a freshly heated surface of the ma- 
terial is continuously arriving at the port for meas- 
urement. If the movement is sufficiently rapid, a 
thermal equilibrium is approached in which tempera- 
ture gradients in the specimen approach minimal 
values. 

The moving specimen concept was first intro- 
duced by Fery in 1902 [l]. 2 In his measurements, 
and also in those made by Michaud [2] and Pattison 
[3], cylindrical specimens were rotated while being 
heated in a gas flame. The ratio of the radiant flux 
from the surface to that from a hole placed axially 
at the center of the specimen was then taken as the 
emittance. No viewing port was used. In other 
measurements, specimens were rotated in a furnace 
cavity that was equipped with a water-cooled viewing 
port. McMahon [4], Slemp and Wade [5], and Olsen 
and Katz [6], all used a semicircular disk-shaped spec- 
imen that was rotated in front of a viewing port so 
that blackbody radiation from the furnace struck the 
detector for one-half the cycle, and the detector saw 
radiation from the specimen for the remaining one- 
half cycle. Both McMahon [4] and Olsen and Katz 
[6] arranged for the periodic insertion of a water- 
cooled shutter behind the specimen so that it was 
possible, at least in theory, to determine the trans- 
mittance of the specimen material. Folweiler [7] 
described a rotating cylinder apparatus, which in- 
corporated solid cylindrical specimens with a "V" 



1 As used in this paper, emittance is the ratio of energy radiated by a specimen per unit 
time and per unit area to that from a blackbody at the same temperature and under the 
same conditions. The conditions refer to the geometric and spectral distribution of the 
radiated energy. 



2 Figures in brackets indicate the literature references on page 414. 
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groove positioned around the circumference to serve 
as a reference blackbody. The specimens were 
heated in a furnace with silicon carbide heating ele- 
ments. A water-cooled viewing port was used. 

In measurements made by Clayton [8] a horizontal 
disk-shaped specimen was rotated in a carbon-re- 
sistance furnace that was equipped with separate 
water-cooled viewing ports for detecting radiation 
from both the specimen and the furnace enclosure. 
The specimen sighting tube could be moved to two 
positions. In the first position, the region behind 
the viewed portion was the hot furnace enclosure, and 
in the second, it was a water-cooled baffle. Here, 
again, the aim was to measure both emittance and 
transmittance. 

A careful consideration of the possible errors and 
of the expected experimental difficulties inherent in 
each of these methods resulted in the selection for 
the present measurements of a rotating-cylinder 
approach with a separate blackbody. Briefly stated, 
the method consisted of rotating a hollow cylindrical 
specimen, approximately 1 in in diameter by 1-in high 
with 3 /i6-in thick walls, in a wire-wound furnace 
equipped with a water-cooled viewing port. Spec- 
tral emittance measurements were then made with a 
double-beam spectrophotometer by comparing the 
radiance of the rotating specimen to that of a black- 
body at the same temperature. 

An earlier description of the measurement method 
has been published [9]. However, only prelim- 
inary data at one temperature (1200 °K) where given 
at that time. Also, there was no systematic analy- 
sis of errors, since this phase of the investigation had 
not been completed at the time of the earlier publi- 
cation. 



2.2. Rotational Speed of Specimens 

A theoretical analysis of periodic heat flow in a 
specimen rotating before a viewing port, performed 
as a first phase of the study, has been published by 
Peavy and Eubanks [10]. The analysis showed that 
at low rotational speeds the surface temperature of 
a specimen at the center of the viewing port opening 
will be substantially lower than the temperature of 
the thermocouple in the specimen cavity. However, 
this difference will decrease with increasing speed. 
The speed at which the difference will become neg- 
ligibly small will depend on system geometry, ther- 
mal properties of the specimen material, and a de- 
rived average heat flux for the portion of the cycle 
during which a point on the specimen is being heated 
by the furnace. 

This analytical treatment may be used to compute 
the rotational speed required to reduce radial tem- 
perature gradients in the specimen to acceptable 
levels. However, since reliable thermal property 
data are not presently available for the specimen 
materials, such computations can be of only limited 
value. Therefore, in the present work, the mini- 
mum permissible speed of rotation was determined 
experimentally by first rotating a specimen at a very 



low speed and measuring its emittance at 1.4 /x. 3 As 
the speed was increased, the indicated emittance at 
1.4 fi continued to rise until a point was reached 
where further increases in speed caused no further in- 
crease in the measured emittance. For the mate- 
rials studied in this report, the maximum value of 
emittance was reached at about 50 rpm. However, 
as an added insurance against possible errors, actual 
emittance measurements were made at 100 rpm. 

3. Equipment 

3.1. Specimen Furnace 

Figure 1 is a schematic drawing of the specimen fur- 
nace. The high-temperature alumina core sur- 
rounding the specimen was wound with 0.032-in-diam 
platinum-40 percent rhodium wire. The winding was 
continuous to the edges of the rectangular opening 
that was cut into the core to permit entrance of the 
viewing port. A booster winding of the same wire 
positioned on the outer alumina core, as indicated 
in the figure, was used to compensate for the large 
heat losses at the center. 

The water-cooled viewing port was machined from 
copper, and its inner surface was curved to the same 
radius as the specimen. A shield of platinum foil, 
0.002-in thick, surrounded the outer surfaces of the 
port, including the edges that faced the specimen. 
This helped to thermally isolate the viewing port from 
the furnace interior. The inner surfaces of the 
viewing port and the portion of the platinum shield 
nearest the specimen were blackened to minimize 
the possibility of errors from reflected radiation. The 
opening at the inner end of the port was Vs-in wide 
by V2-in high. 

The specimens were prepared so as to be cylindri- 
cal to ±0.002 in. The alumina support tube (fig. 1) 
was surface ground to this same tolerance. The spin- 
dle was driven by a l /s HP motor that was coupled 
to a gear reducer. With the arrangement used, the 
rotation of the specimen could be adjusted to any 
speed in the range 1 to 300 rpm. 

The design of the furnace shell was such that the 
furnace could be operated in an inert atmosphere, 
as well as in air. Glass-metal seals were used for 
power leads and "0"-ring seals were used for the 
shell ends, as well as for a sodium chloride viewing 
windows. The thrust bearings were designed to 
provide a reasonably gas-tight seal at the point where 
the spindle shaft entered the shell. Although this 
controlled-atmosphere feature had been incorpo- 
rated into the design, all measurements included in 
this report were made in air with no windows. Also, 
although the furnace was capable of being operated at 
1800 °K, no measurements were made at this tem- 
perature, because of temperature control difficulties 
(see sec. 3.3). 



' Difference in temperature between specimen and blackbody bas the greatest effect 
on emittance at wavelengths below the energy peak of blackbody radiation. The selected 
setting of 1.4 /jl is well below this peak for the selected test temperatures. 
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FIGURE 1. Specimen furnace. 



Axial temperature gradients in the specimens were 
reduced to low values by adjusting the power to the 
booster coil. The gradients were measured by sight- 
ing a micro-optical pyrometer on a rotating specimen 
through the viewing port. With the settings used, 
no temperature difference from top to bottom was 
observed for any of the specimens at 1200 °K. At 
1400 °K, the top may have been as much as 2 °K higher 
than the bottom, while at 1600 °K, the top was as much 
as 6 °K higher. The precision to which the pyrom- 
eter could be read was about 2 °K. The specimen 
thermocouple was located in the cer ter of the spec- 
imen cavity and was shielded from furnace radiation 
as shown in figure 1. 



3.2. Blackbody Furnaces 



a. Details of Construction 



Figure 2 is a schematic of the blackbody furnace. 
Two of these were required in the measurement sys- 
tem, and both were made to be as nearly identical 
as possible. The inner cavity of the furnaces was 
formed of fused alumina bonded with 20 percent by 
weight of a calcium aluminate cement. This mixture, 
which sets hydraulically, was mixed with 17.5 per- 
cent by weight of water and vibrated into a greased 
plaster mold. The mold was made by using an 
alumina core as a pattern; a brass mandrel was 
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FIGURE 2. Blackbody furnace. 



positioned at the center of the mold to form the 
outline of the cavity. After allowing 20 hr for curing, 
the core was removed from the mold, dried in an oven 
for 24 hr, and then heated to 1925 °K for 1 hr. It was 
later wound with 0.032-in-diam platinum-40 percent 
rhodium resistance wire. 

An alumina disk with a V2-in by Vs-in center slit 
was placed over the front end of the cavity to reduce 
heat losses by radiation. The viewing port was 
formed with mullite wool, over which was placed a 
thin layer of alumina cement. The shaping of the 
port was facilitated by use of a tapered aluminum 
mandrel that was machined especially for the pur- 
pose. 

All furnace thermocouples (including the one for 
the specimen furnace) were made of 0.020-in-diam 
Pt:Pt-10 percent Rh wire that had been calibrated 
by the Temperature Physics Laboratory at the Na- 
tional Bureau of Standards. Two-hole alumina tubing 
was used to insulate the leads. This tubing was 
inserted into an alumina sleeve that was cemented 
into the core so that when the thermocouple was in- 
serted, it would be nearly flush with the side wall of 
the cavity. With this arrangement, the spectro- 
photometer did not "see" the thermocouple bead, 
but rather was "looking" at the back of the cavity, 
which was largely isothermal. Of course, no im- 
portant deviation from blackbody conditions would 
result from the presence of the thermocouple at the 
center of the cavity if the cavity was isothermal and 
if there was no separation between the alumina 
sleeving and the thermocouple tubing. However, a 
small clearance was present, and this clearance 
showed up as a tiny dark crescent when looking into 



the heated cavity. The presence of a dark area of 
this type was undesirable, in that it would tend to 
generate low flux readings. 

The alumina core material has a low emittance in 
the wavelength region 1 to 5 jjl. Inasmuch as the 
cavity emittance depends, in part, on the emittance 
of the walls, it was desirable to line the cavity with a 
coating that would have a high emittance at the short, 
as well as the long wavelengths. The coating devel- 
oped for this purpose consisted of black nickel oxide 
(Ni-iO.O bonded with 7.5 percent by weight of Florida 
kaolin. This coating was prepared as a coating slip 
and applied at a thickness of about 0.005 in to the inner 
wall surfaces of the cavity by a dipping operation. 
The core was then heated to 1850 °K for 1 hr, to bond 
the coating to the alumina. The spectral emittance of 
a cylindrical specimen of the core material coated 
in this way was found to be above 0.875 at all wave- 
lengths from 1 to 15 fi when measured at 1200 °K. 
Hence, the lowest possible cavity emittance at any 
wavelength from 1 to 15 /x was 0.990 when computed 
by an expression derived by Gouffe [11]. This expres- 
sion assumes that the walls are diffusely reflecting 
and that the cavity is isothermal. The expression has 
been shown to predict slightly low values of emittance 
for cavities with large depth-to-diameter ratios [12]. 

b. Temperature Gradients in Blackbody Furnaces 

Several furnace designs were tested early in the 
study in an attempt to minimize temperature dif- 
ferences within the cavity. To test for gradients, a 
Pt: Pt-10 percent Rh thermocouple made withO.OlO-in- 
diam wire was inserted into the viewing port and moved 
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from front to back with the hot junction within Va in 
of the interior wall. A record was made of the re- 
sponse at each position. In almost all cases, the indi- 
cated wall temperature near the center of the cavity 
was higher than at either end. In some instances, 
power was shunted from the central region of the fur- 
nace windings, while in other tests, varying numbers of 
turns were omitted from the heater coil. The final 
configuration was that shown in figure 2. No shunts 
were used and four loops were omitted in the central 
region. With this arrangement, temperature probing 
revealed that the cavity walls near the back were 
colder than those in the center by the amounts indi- 
cated below. 4 



Approximate cavity temperature 


Temperature difference 


°K 

1200 
1400 
1600 


°K 

18 

14 

8 



The presence of these gradients was a potential 
source of error in the measurements because of (a) 
uncertainty in determining the temperature to assign 
to the "blackbody" radiation, and (b) deviations from 
the Planck distribution of energy caused by the non- 
isothermal conditions. Naturally, it would be desir- 
able if the spectral distribution of radiated energy, 
E(k), was proportional to the Planck function, W{X,T); 
i.e., E(\) = e cay W{k,T). It was not immediately evi- 
dent, however, that any single temperature could be 
assigned to the nonisothermal cavity. Temperatures 
that might be considered are the temperature of a 
thermocouple placed in the center of the cavity, the 
temperature of the back wall of the cavity, or the tem- 
perature indicated by an optical pyrometer sighted on 
the mouth of the cavity. This latter temperature was 
selected, since it represented the temperature of a 
perfect blackbody whose radiance at 0.65 /jl was the 
same as that of the nonisothermal laboratory furnace. 
A theoretical analysis is presented in appendix A to 
show that when a radiance match is achieved at 0.65 [l 
then the spectral distribution of radiated energy can 
be approximated by a Planck function over the 1 to 15 
/jl range with no more than a 0.5 percent error. 

The procedure used for positioning the furnace ther- 
mocouple so that its response would agree with the 
temperature measured with a calibrated optical 
pyrometer was as follows: 

(1) The furnace was first heated to the desired oper- 
ating temperature and allowed to stabilize. 



4 Large uncertainties existed in temperature measurements made near the front of the 
cavity, because of excessive heat losses by conduction along the thermocouple leads and 
the protection tubing. 



(2) A micro-optical pyrometer was then sighted at 
the front opening of the furnace and the "optical" 
temperature of the furnace cavity was determined. 

(3) The furnace thermocouple was next moved to a 
position where its response indicated the same tem- 
perature as that measured with the optical pyrometer. 
This position was always within 1 in of the rear wall 
of the cavity. 

(4) Finally, a mark was placed on the thermocouple 
tubing at the back of the furnace shell so that the posi- 
tioning of the junction could be duplicated in subse- 
quent determinations at the same test temperature. 
This positioning was checked periodically to be certain 
that no changes in the temperature behavior of the 
furnace had occurred. 

The calibration procedure as outlined needed to be 
applied to only one blackbody furnace. The position 
of the thermocouple in the second blackbody furnace 
could then be adjusted by noting the shape of the 
spectral curve that compared the energy from these 
two furnaces (100 percent line, see sec. 4). At long 
wavelengths, small temperature differences between 
the furnaces lead to negligible differences in energy 
content of the two beams, but at short wavelengths 
they had a pronounced effect. Thus, if the 100 per- 
cent curve was higher at 1 /jl than at, say, 9 /jl, it in- 
dicated that furnace No. 2 was at a higher temperature 
than the reference blackbody (No. 1). The thermo- 
couple in No. 1 was then moved to a position where it 
indicated a lower temperature. The automatic con- 
trol equipment would then lower the temperature of 
No. 2 until it matched that of No. 1 and a new spectral 
curve was determined. This procedure was repeated 
until a flat 100 percent line was obtained. When this 
condition was achieved, the furnace No. 1 was at the 
same effective temperature as No. 2 in that it was 
supplying an equivalent flux to the spectrophotometer. 



3.3. Temperature Control System 

A differential thermocouple control system similar 
to that described by Harrison et al. [13], was used to 
maintain temperature differences of less than 1 °K 
between blackbody No. 1 and either the specimen fur- 
nace or blackbody No. 2. The No. 1 furnace was 
controlled, in turn, by a separate temperature con- 
troller, which maintained its temperature to ±0.5 °K. 
A double-pole, double-throw switch was used for 
switching the differential thermocouple controller from 
blackbody No. 2 to the specimen furnace. 

The differential thermocouple controller was ac- 
tuated by the difference in signal between the thermo- 
couple in blackbody furnace No. 1 and the thermo- 
couple in either blackbody No. 2 or the specimen fur- 
nace. This signal was amplified by a d-c amplifier and 
fed to a center-zero recorder-controller. The output 
of the recorder-controller, which was proportional to 
the temperature difference between the two furnaces, 
was fed to a current-actuating mechanism that pro- 
vided three types of current control. One type was 
proportional to the input signal, a second to the first 
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FIGURE 3. Block diagram of temperature control equipment 

Controller is actuated by signal from differential thermoeouDle. 



time derivative of the input signal, and a third selected 
the frequency at which the first correction was re- 
peated. The output from this current actuating device 
was fed to the coil of a saturable-core reactor, which 
then varied the power input to either blackbody No. 2 
or the specimen furnace, so as to bring the temperature 
into agreement with the reference blackbody (No. 1). 



A block diagram of the temperature control equip- 
ment is shown in figure 3. The system gave almost 
trouble-free operation at 1200, 1400, and 1600 °K. 
However, at 1800 °K, it became largely inoperative 
because of excessive noise in the thermocouple signal. 
This may have originated from electrical leakage 
through the alumina core material, whose electrical 
conductivity becomes appreciable at these very high 
temperatures. For this reason, no measurements at 
1800 °K were possible, even though all of the furnaces 
could be operated at this temperature. 

3.4. Spectrophotometer and Transfer Optics 

A double-beam infrared spectrophotometer with a 
sodium chloride prism was used for obtaining the 
radiance comparisons. This instrument, which utilizes 
a chopper operating at 10 Hz, was modified to operate 
from 1 to 15 /ul rather than in the intended 2 to 16-/Lt 
range. A second modification consisted of reducing 
the angle of the attenuator-comb in the reference beam 
from blackbody No. 1, so that the maximum opening of 
the comb did not exceed the height of the furnace 
apertures. This required only a small reduction in 
the comb angle. 

The double-beam optical system of the instrument 
was used for all measurements. When operating in 
this mode, the spectrophotometer achieves a null 
balance through use of the aforementioned mechani- 
cally-driven attenuator, or comb, in the reference 
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FIGURE 4. Arrangement of equipment showing optical paths of the two beams. 
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beam. A recorder pen, coupled mechanically to the 
comb, permits the ratio of the radiances of the two 
beams to be continuously recorded with respect to 
wavelength. In all measurements reported herein, 
the instrument was set to scan the 1- to \5-/jl range 
in 16 min. 

Prior to using the instrument, the source optics were 
removed and replaced with the transfer optics shown 
schematically in figure 4. The off-axis angle of the 
two spherical mirrors was approximately 5°. 

Figure 5 is a photograph of the equipment in opera- 
tion. 

3.5. Calibration for Linearity of Response 

The response of the modified instrument to known 
attenuations of flux in the specimen beam was deter- 
mined through use of sectored-disk attenuators. To 
conduct this test both blackbodies were first adjusted 
to some temperature in the range 1200 to 1600 °K. A 
sectored-disk attenuator was then inserted into the 
specimen beam and rotated at high speed (greater than 
500 rpm). Six disks were used with measured trans- 
mission factors of 75.1, 50.1, 25.3, 12.7, and 5.1 percent, 
respectively. The resulting spectral curves, which 
were found to be reproducible to within the precision of 
measurement, showed that the instrument response 
was always lower than the actual beam attenuation. 
This lowering was the same at all wavelengths. Wide 
variations in disk speed above 500 rpm had no effect on 
the instrument response, which showed that resonance 
coupling between the chopper and attenuator was not 
affecting the results. 

Since no method could be devised to restore linearity 
to the modified instrument, a correction curve (fig. 6) 
was prepared. This curve was then used to correct 
the spectral emittances that were obtained by the 
procedure outlined in section 4. The dashed line in 
figure 6 shows the type of behavior expected from an 
instrument with a completely linear response. 



FIGURE 6. Calibration curve (solid curve) for correcting for lack of 
instrument linearity. 

Dashed line shows type of behavior desired of an instrument (linear response). 



4. Measurement Procedure 

In making a determination, a specimen was first 
placed on the top of the refractory pedestal, carefully 
centered, and then fixed in position with high-tempera- 
ture alumina cement. This centering and mounting 
operation was performed outside the furnace with the 
aid of a specially prepared jig. After the mounting 
had been completed, the pedestal was inserted into 
the furnace from the bottom and carefully positioned 
radially by a screw adjustment of the bottom flange, 
so that the specimen rotated at an average distance of 
0.010 in from the inner face of the viewing port. The 
separation distance was measured optically by a 
telescope with a calibrated reticle. The telescope was 
sighted through the top of the furnace tube while the 
furnace was at approximately 1400 °K. Specimen 
wobble did not exceed ± 0.005 in. 

After positioning of the specimen was completed, 
the top insulation was replaced, the motor drive was 
started, and the specimen was brought to a rotational 
speed of 100 rpm. The controller on blackbody No. 1 
was then adjusted to 1600 °K and the differential ther- 
mocouple controller actuated to bring blackbody No. 2 
to the same temperature. As soon as the temperatures 
had equilibrated, the flux from blackbody No. 2 was 
compared to that from blackbody No. 1 by scanning 
from 1 to 15 fx. The resulting curve, a representative 
section of which is shown in figure 7, was termed the 
100 percent line. Next, the beam from blackbody No. 
2 was blocked, and a second curve was obtained on 
the same chart paper. This is the zero line shown in 
figure 7. 

After the zero line had been obtained^ the automatic 
control was switched to the specimen furnace, the 
movable mirror (see fig. 4) was shifted to the specimen 
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FIGURE 7. Section of recorder chart showing segments of a "100 percent Line" "Specimen Line,' 

and "Zero Line." 



position, and after an equilibrium condition had been 
attained a specimen curve was plotted, again on the 
same chart paper. 

Curves such as those shown, in part, in figure 7 
represent raw data for one determination at one tem- 
perature. To transform these data to an actual or 
true spectral emittance curve for the specimen, two 
operations were performed: 

(1) The height of the specimen curve at preselected 
wavelengths was obtained as a ratio of the respective 
heights of th'e zero and 100 percent lines. Stated 
mathematically, if Z\ is the height of the zero line, 
S\ the height of the specimen curve, and H\ the height 
of the 100 percent line, then e\u the uncorrected or 
"indicated" emittance, is 



e\i 



H\ — Z\ 



(i) 



Values for €\i were, in most cases, obtained at inter- 
vals of 0.5 /z. 

(2) The values for €\i were next converted to true 
or actual emittances, e\ through use of the calibration 
curve shown in figure 6. These values were then 
plotted against wavelength to obtain the curves shown 
in later sections of the report. 

In all data reported herein, measurements on each 
specimen were made first a,t 1600 °K, next at 1400 °K, 
and finally at 1200 °K; all three measurements being 
made during a single working day. Three specimens 
of each type were measured, and two completely in- 
dependent determinations were made on each speci- 
men. These duplicate determinations on the same 
specimen were always made on different working 
days, and in each case, the specimen had been re- 
moved from the furnace between the first and second 
series of measurements. 
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5. Discussion of Errors 

5.1. Transfer Optics 

An important consideration in the design of any 
double beam system is the requirement of complete 
optical equivalence of the two beams. Failure to 
meet this requirement would cause inflections in the 
spectral curves due to differential absorption by the 
atmosphere or by the mirrors in the system. In the 
present study the use of the two blackbodies to obtain 
a 100 percent line provided a convenient means to 
check for these effects. 

a. Atmospheric Absorption 

In most double-beam infrared spectrophotometers, 
no irregularities are observed when scanning through 
the absorption bands for carbon dioxide and water 
vapor, since the flux attenuation is the same for both 
beams. However, the flux available for measurement 
drops off drastically at the major absorption bands. 
In the present measurements, no appreciable inflec- 
tion in the curve was observed at the strong water 
absorption band at 2.7 //,, since at this wavelength 
there was apparently sufficient energy in the beams 
to allow the instrument to compensate for the sudden 
change in flux. At longer wavelengths, however, 
there was considerably less energy in the beams, and 
whenever the instrument scanned through the strong 
absorption band for carbon dioxide at 4.2 fx, a small 
discontinuity in the curve was observed. However, 
since this represented a deficiency of the instrument 
rather than an abrupt change in specimen emittance, a 
smooth curve was drawn through the minor inflection 
at 4.2 fx. Any error resulting from this procedure 
would be extremely small and would apply to this 
one wavelength only. 

b. Preferential Mirror Absorption 

A thin protective layer of silicon oxide was present 
on the aluminum front surface mirrors procured for 
the transfer optics in the present equipment. Coating 
layers of this type normally consist of mixtures of 
such compounds as SiO, SiC>2, and Si^O.j, all of which 
have absorption bands in the 8- to 10-/x region [14]. 

The presence of the silicon oxide layer on the mirrors 
would have no appreciable effect on the measurements 
if (a) the same number of mirrors were in both optical 
paths, (b) the coating thicknesses were the same on 
all mirrors, and (c) the respective beams struck the 
mirrors at the same angle for the determination of 
both the 100 percent and specimen curves. Unfor- 
tunately, this last requirement was not fulfilled since 
the beam from blackbody No. 1 strikes the plane mirror 
D (see fig. 4) at an angle of incidence of 9° while the 
beams from blackbody No. 2 and from the specimen 
strike the mirror E at angles of 19° and 32°, respec- 
tively. These differences in angle caused different 
attenuations in the respective beams at the wave- 
lengths where the silicon oxide layer is highly absorb- 
ing but not at other wavelengths. 



Because of this differential absorption effect, all 
100 percent lines and specimen curves showed a small 
dip in the 8 to 10 /i region. The emittance curves 
included in this report have been smoothed out over 
the 8- to 10-/x region. Since this smoothing operation 
is equivalent to taking no data points in this region, the 
emittances indicated on the curves at both 8.5 /x and 
at 9 fji have greater uncertainty than those at other 
wavelengths. 

5.2 Extraneous Transmitted and Reflected Radiation 

In the paragraphs which follow, an attempt is made 
to place an upper limit on the magnitude of the errors 
that can arise due to extraneous radiation, i.e., energy 
which contributes to the radiance of the specimen 
beam but does not originate at the specimen. 

a. Nonopacity of Specimen Wall 

As mentioned in the introduction, many polycrystal- 
line ceramic oxide specimens are partially transparent 
to radiation in the visible and the near infrared. 
Hence, when measuring emittance, if the specimen 
wall is not sufficiently thick to be opaque, energy from 
within the specimen cavity will pass through the speci- 
men wall and enter the specimen beam. Since with 
the present measurement method this energy will 
approximate blackbody radiation, high emittance 
readings will result unless the wall thickness is suf- 
ficient to provide the required opacity. 

Earlier work had suggested that a wall thickness of 
3 /i6 in would be adequate for the particular materials 
selected for study [9]. However, to be certain that 
the 3 /ie-in thickness was sufficient in all cases, speci- 
mens with 5 /i6-in walls were also measured. If the 
emittances were the same for both, then it would be 
almost positive evidence that the transmittance 
through the 3 /i6-in wall was too small to cause an error. 

Tests of this type were made for each material. 
The agreement between specimens with 3 /i6-in and 
5 /i6-in-thick walls was, in each case, within the preci- 
sion of measurement; hence, it was concluded that 
there was no measurable error from wall transmission 
when the specimens with 3 /i6-in-thick walls were used. 

b. Furnace Radiation Reflected Into Specimen Beam 

The purpose of the water-cooled viewing port in the 
specimen furnace is to reduce extraneous flux, both 
emitted and reflected, from entering the specimen 
beam. Emitted flux is reduced to an insignificant 
level by water-cooling the walls of the port. To dimin- 
ish reflected flux, however, the specimen must rotate 
in close proximity to the inner face of the port; other- 
wise, as illustrated in figure 8, flux from the furnace 
walls will strike the face of the specimen and be dif- 
fusely reflected into the specimen beam thereby giving 
high values of emittance. 

It was recognized early in the investigation that 
large errors could result if sizeable separations were 
permitted between specimen and viewing port [15]. 
A theoretical computation of errors caused by various 
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FURNACE WALL 




Figure 8. 



Illustration of how flux from furnace walls may be 
diffusely reflected into specimen beam. 



separations was not feasible because of uncertainties 
in (a) the local furnace wall temperatures, and (b) the 
optical properties of the specimens. Thus an attempt 
was made to arrive at their magnitude experimentally. 

The experiment consisted of determining the indi- 
cated emittance of various specimens at carefully 
measured distances of separation. To accomplish 
this, a screw adjustment was incorporated on the brass 
flange at the bottom of the specimen furnace. By 
turning this screw, the rotating pedestal could be 
moved in known increments toward or away from the 
viewing port. A microscope with a calibrated reticle 
was used to measure the distance of separation to 
±0.001 in. 

To evaluate the effect of separation distance, the 
specimen was first brought to a temperature near 
1400 °K with the microscope mounted above the top 
furnace opening. Next, the specimen was moved 
forward so that the average separation between the 
surface of the specimen and the viewing port was 
0.010 in. In all of these particular tests, specimen 
wobble was less than ±0.002 in. After completing 
the distance measurement, the microscope was moved 
out of position, the top cover reinserted, the furnace 
temperature allowed to stablize, and a spectral curve 
determined. Then, by adjusting the calibrated screw, 
the specimen was moved back from the viewing port 
in known increments. After each step, the emittance 
was determined at certain selected wavelengths. 
Finally, when the limit of travel of the adjusting screw 
had been reached, the microscope was again used to 
verify the final separation distance. 

The first measurements of this kind were made with 
a polished platinum specimen. As might be predicted, 
no change occurred with separation distance, since 
all wall radiation that struck the viewed area of the 
specimen was specularly reflected away from the 
viewing port and did not enter the specimen beam. 

When the same platinum specimen was grit-blasted, 
however, its surface became a partially diffuse re- 
flector and the measured emittance was no longer 



insensitive to separation distance. This is illustrated 
by the solid curves in figure 9. At each of the four 
wavelengths, the rate of change of measured emittance 
with distance decreased as the distance approached 
zero. In fact, the shape of the curves suggests that 
if all measurements had been made with a separation of 
0.01 in, which is as small as was practical with the 
present system, the measured values would be high 
by no more than about 0.005 in emittance. 

Platinum, like other metals, is substantially opaque 
to radiation in the 1- to 15//, region. This means that 
the reflection occurs at or very near the surface. In 
the case of polycrystalline ceramics, however, reflec- 
tion occurs largely by internal scattering. Flux 
striking the surface can penetrate to appreciable 
distances and then reemerge, after multiple internal 
reflections, at a point on the surface that may be ap- 
preciably separated from the point where it entered. 
This particular reflection behavior is believed to be 
responsible for the type of results obtained with the 
ceramic oxide specimens. The data for an alumina 
specimen plotted as dashed lines in figure 9 are typi- 
cal. It will be noted that the rate of change of 
measured emittance with distance is largely un- 
changed as the specimen approaches the view- 
ing port. This behavior at least implies that even 
if a zero separation was possible, radiation from the 
furnace walls would still be penetrating the surface at 
some distance from the viewing port and then reemerg- 
ing at the port to enter the specimen beam. However, 
when emittances as low as 0.04 (Alumina, 2 /x, 1200 °K) 
were measured, it seems unlikely that they could be 
high by more than 0.02, notwithstanding any compen- 
sating errors. Various attempts were made either to 
eliminate or precisely evaluate the magnitude of this 
error, but none were successful. 



5.3. Errors From Temperature Uncertainties 

The comparison method of measuring emittance re- 
quires that the specimen and blackbody furnaces 
all be maintained at the same temperature. If this 
condition is not fulfilled, an error is introduced that 
is dependent upon (a) the magnitude of the tempera- 
ture difference, (b) the wavelength, and (c) the test 
temperature. Since the thermocouples were prepared 
from wires taken from the same spools and were 
checked periodically, and since the controller main- 
tained the thermocouples at the same temperature to 
within better than 1.0 °K, no sizeable error from tem- 
perature difference would be expected unless the 
thermocouples failed to indicate the "true" tempera- 
tures of the specimen and the reference blackbody. 

With a specimen speed of 100 rpm, the analysis de- 
scribed in section 2 indicated that since radial gradi- 
ents are small, the specimen thermocouple should be 
in close agreement with the specimen temperature 
and, hence, no important error should result from 
this source. 

As mentioned in section 3.2. a, temperature gradi- 
ents existed in the blackbody furnaces. However, 
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FIGURE 9. Effect of distance of specimen from viewing port on measured emittance 
of grit-blasted platinum specimen (solid lines) and a poly crystalline alumina speci- 
men (dashed lines). 



as shown in appendix A, when the thermocouple is 
located so that its response agrees with an optical 
pyrometer sighted on the cavity, the distribution of 
radiated flux at 1 /jl differs from a Planck distribution 
by less than V2 percent at 1200 °K. The size of this 
error decreases with both increasing temperature and 
wavelength. If the true emittance of the specimen 
was 0.10, then an error of the magnitude discussed 
above would change the measured emittance by only 
0.0005, a completely negligible quantity. 

From the foregoing discussion it follows that any 
uncertainty in temperature measurements will depend 
primarily upon the accuracy and precision of the opti- 
cal pyrometer used for positioning the thermocouple. 
Since the instrument had been carefully calibrated 
and periodically checked by the National Bureau of 
Standards Temperature Physics Section, it is unlikely 
that the combined uncertainty due to inaccuracy of 
the pyrometer and imprecision introduced by the 
operator would exceed ± 5 °K. 

At wavelength A, temperature T, and uncertainty 
dT, a sample whose true emittance was et would ap- 
pear to have an emittance e m given by 



€ m = 



e t W(K T) _ e t W{k, T) 



W(K T+dT) W(k, T) + dW 



(2) 



where W{\, T) is the Planck function. Dividing both 
numerator and denominator by W(\, T) one obtains 



1 



1 



dW 

w 



= €( 



1 + F 



dT 



(3) 



where the factor F = F(k T) relating -=- to — is a tabu- 

W 1 

lated function [16]. 

For the purpose of estimating errors it is more useful 

to have the true emittance in terms of a measured 

value. Thus eq (3) is written 



€ t =€m 1+F 



■f) 



If the uncertainty in temperature is ± 5 
T=1200 °K and X = 2 //,, then F = 6.2 and 



(4) 



°K at 



et=€ n 



:0.026e„ 



Thus, a sample whose measured emittance was 0.050 
would be in error by no more than et — e m = ± 0.026 
X 0.050 = ±0.0013. Similarly, if the measured emit- 
tance was 0.30 at 2 fx and 1200 °K, the error would be 
€t~ € m = — 0.0078. The function F is a monotonically 
decreasing function of the product AT; emittance, on 
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the other hand, generally increases. The net result 
is that errors of this type are not greatly influenced by 
changes in either wavelength or temperature. 

The effect of a temperature gradient along the axis 
of the specimen may be treated in much the same way. 
As pointed out in section 3.1 this gradient amounts to 
little more than 5 °K so that some sort of "average" 
temperature T' may be assigned to the specimen. 
When this is done, it then becomes possible to approxi- 
mate the flux from the specimen, N(\), by e t W(\,T') 
with very little error. Only if the thermocouple bead 
was located at the extreme top or bottom of the speci- 
men cavity, would its temperature differ from T' by 
even 3 °K. Since the bead is carefully positioned in 
the center of the viewed area, it is reasonable to as- 
sume, on the basis of the previous discussion, that 
any errors from temperature differences which may 
exist along the axis of the specimen are negligible. 

5.4. Random Error of Measurement 

When expressed in terms of emittance, the pooled 
estimate, S w , of the standard deviation due to random 
error of measurement at A = 2 fi was 0.00427. {S w 
is the root mean square value for the S^'s tabulated in 
table 3). This estimate is based on two completely 
independent measurements at each of three tempera- 
tures on three polycrystalline ceramic oxide specimens 
of three different materials. 5 In effect, this standard 
deviation is an index to the reproducibility of the meas- 
urement, and takes into consideration such factors as 
the ability to mount the specimen on its pedestal with 
a minimum amount of wobble, the ability to mount 
each specimen at the same distance from the viewing 
port, and the ability to return the blackbody thermo- 
couples to the proper position each time the tempera- 
ture is changed. It also considers the reproducibility 
of the spectrophotometer, the precision with which the 
data are read from the charts and corrected for line- 
arity, the day-to-day variations in moisture content of 
the air and numerous other variables which could affect 
the reproducibility of the measurements; and finally, 
its value is influenced by the stability of the specimens, 
i.e., their ability to resist changes caused by the high 
temperatures (see sec. 6.2c). 

More important, however, is the fact that pooled 
estimates of the standard deviation due to measure- 
ment error, like the one above, may be used to establish 
a confidence interval for the true averages corre- 
sponding to the measured emittances given in table 2. 
Thus, using the standard statistical formulas, one 
may conclude with 95 percent confidence that the 
values listed in this table at 2 /jl are within 

A = ; • -4^ = 2.052 0m ^ 21 = 0.0Q358 ^0.004 (5) 
Vnp V6 

of the true average values (for these three specimens) 



T , h .f. val " e s .°f S* for zirconia are abnormally high because of the extreme structural 
instability of this material (see sec. 6.2c). For this reason the zirconia data were omitted 
from this particular analysis. 



that would be obtained if an infinite number of meas- 
urements were made. In the foregoing expression, 
S w is the pooled estimate of the standard deviation 
due to random measurement errors, and the value of 
£0.975 was obtained from reference [17] for the case 
of 9 X 3 = 27 deg of freedom. 

5.5. Estimated Accuracy 

An estimate of the accuracy of measurements made 
with the rotating-cylinder equipment on nonmetals 
can be obtained by considering both types of error; 
i.e., those that cause a bias and those that cause ran- 
dom errors. Let us now assume one of the worst 
conditions from the accuracy standpoint; i.e., data at 
2 [x taken at 1200 °K. Error from extraneous radiation 
would certainly not exceed +0.02 in emittance. 
Temperature uncertainties would contribute ±0.008 
as a maximum while random error of measurement 
will be on the order of ±0.004 (see sec. 5.4). Thus, 
the true values of emittance at 2 (jl and 1200 °K for the 
particular specimens measured might be as much as 
0.032 lower or 0.012 higher than those listed in table 2. 

The uncertainty in the listed values could, of course, 
be decreased to ±0.012 if the data were corrected 
for the extraneous radiation that entered the specimen 
beam. However, as mentioned earlier, the uncer- 
tainties as to the exact magnitude of this error were too 
great to justify this procedure. 



6. Measurements on Polycrystalline Oxide 
Specimens 

6.1. Description of Specimens 

The ceramic oxide specimens were obtained com- 
mercially. They consisted of hollow cylinders lVi6-in 
high and lV32-in o.d. with a wall thickness of 3 /i6-in, 
although wall thickness of 5 /i6-in were also furnished. 
All specimens were cylindrical to ±0.002 in. The 
outer surfaces were smooth but not polished. 

The sintering treatment for all specimens was 27 hr 
at 1865 °K. Chemical analyses of the raw materials, 
as provided by the manufacturer, are shown in table 1. 

The measured porosity of the alumina specimens 
was about 30 percent; of the thoria 13 percent; of 
the magnesia 30 percent, and of the zirconia 20 percent. 
All are given as percentage by volume. Grain sizes 
were not measured. 

No attempts were made to characterize the surface 
finish of the specimens since it was found that rough- 
ening the initially smooth surface of an alumina speci- 
men by grit blasting had no measurable effect on emit- 
tance in the 1 to 15 /x range. This observation is in 
agreement with the recent results of Gannon and 
Linder [18] as well as those reported by Cox [19]. 
Also, it agrees with the predictions made recently 
by Richmond as a result of a theoretical analysis of 
the possible effects of surface roughness on the 
thermal radiation properties of nonmetals [20]. 
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Table 1. 



Vendors chemical analysis of specimen materials in 
percentage by weight 







Alumina a 


Thoria b 


Magnesia 


Zirconia 


M203 


99.+ 




0.1 


0.15 


Zr0 2 + Hf0 2 




94.2 


Th0 2 




99.+ 
0.05 


0.4 




Si0 2 


0.10 


0.60 


Ti0 2 


0.30 


CaO 


0.07 


trace 
0.02 


0.1 
99.2 
0.1 


4.50 


MgO 


0.07 


Fe 2 0, 


0.40 


0.10 









a Also, 0.02 percent Na 2 0. 

b Also, trace amounts of the oxides of phosphorus, iron, and the 
rare earths as well as a minor amount of alkali oxides which was 
expressed in the analysis as 0.10 percent of combined Na, K, and Li. 



6.2. Results and Discussion 

a. Spectral Emittance Data 

Results of measurements on the four oxide materials 
are given in table 2 and in figures 10, 11, 12, and 13. 
In each case the values listed or plotted are the aver- 
ages of six determinations, two each on three speci- 
mens, taken at 0.5 jjl intervals over the 1 to 15 /i range. 
The small dip in the magnesia curve (fig. 12) at 6.4 /x 
was observed for all specimens at all three temperatures. 

b. Statistical Scatter of Data 

The statistical scatter of the data at 1200, 1400, and 
1600 °K is listed in tables 3 and 4. The sample esti- 



mate of the standard deviation due to error of measure- 
ment, S w (i.e., due to differences within specimens), 
was computed from the expression given below [21]. 



^w •% 



/jr(*-*,) 2 +£(x-* 2 ) 2 . . .+^(x- Xp f 



(n-\)p 



(6) 



where x is an individual measurement, X\ is the average 
of n measurements on one specimen, and p is the 
number of specimens. For data in this report, n = 2, 
p = 3, and S w corresponds to (n— l)p = 3 deg of 
freedom. 

A sample estimate of the overall standard deviation 
due to differences in specimens and random errors 
of measurement Sx was also computed. The expres- 
sion used for this computation was 



(7) 




p-1 



where x is the overall average of the n X p measure- 
ments, n each on p specimens. St corresponds to 
p — 1 = 2 deg of freedom. One could, if it were de- 
sired, use the values of Sx given in table 4 to set up a 
confidence interval for the true mean of the entire 
population of specimens similar to those described 







Table 2. 


Normal spectral 


emittance of ceramic oxide specimens 








Emittance a 


Wave- 
length 


Alumina 


Thoria 


Magnesia 


Zirconia 




1200 


1400 


1600 


1200 


1400 


1600 


1200 


1400 


1600 


1200 


1400 


1600 


1.0 


0.060 


0.073 


0.097 


0.259 


0.347 


0.418 


0J82 


0.201 


0.227 


0.163 


0.207 


0.297 


1.5 


.046 


.063 


.088 


.235 


.330 


.407 


.131 


.162 


.196 


.148 


.192 


.269 


2.0 


.042 


.061 


.085 


.223 


.319 


.399 


.095 


.124 


.151 


.129 


.172 


.247 


2.5 


.045 


.065 


.089 


.216 


.314 


.398 


.088 


.114 


.141 


.131 


.172 


.243 


3.0 


.058 


.075 


.097 


.214 


.311 


.395 


.088 


.114 


.144 


.137 


.177 


.244 


3.5 


.080 


.106 


.125 


.215 


.314 


.396 


.102 


.133 


.160 


.150 


.188 


.250 


4.0 


.141 


.169 


.177 


.223 


.318 


.400 


.149 


.181 


.205 


.187 


.222 


.262 


4.5 


.248 


.287 


.316 


.238 


.330 


.406 


.191 


.229 


.260 


.266 


.308 


.356 


5.0 


.389 


.431 


.459 


.297 


.366 


.429 


.336 


.368 


.388 


.416 


.448 


.482 


5.5 


.530 


.572 


.595 


.359 


.416 


.471 


.502 


.526 


.546 


.537 


.572 


.585 


6.0 


.653 


.696 


.715 


.416 


.473 


.521 


.593 


.623 


.640 


.626 


.654 


.676 


6.5 


.789 


.821 


.832 


.491 


.544 


.586 


.613 


.659 


.687 


.713 


.744 


.760 


7.0 


.892 


.910 


.912 


.575 


.624 


.662 


.692 


.732 


.755 


.791 


.818 


.826 


7.5 


.945 


.956 


.955 


.667 


.714 


.747 


.777 


.809 


.827 


.855 


.872 


.876 


8.0 


.968 


.975 


.973 


.757 


.793 


.817 


.840 


.855 


.878 


.892 


.902 


.906 


8.5 b 


.939 


.947 


.944 


.802 


.825 


.838 


.852 


.871 


.879 


.876 


.885 


.882 


9.0" 


.965 


.973 


.967 


.878 


.893 


.894 


.911 


.926 


.929 


.913 


.920 


.919 


9.5 


.978 


.985 


.981 


,918 


.929 


.928 


.947 


.958 


.959 


.935 


.942 


.940 


10.0 


.984 


.989 


.986 


.934 


.942 


.939. 


.966 


.972 


.970 


.949 


.954 


.952 


10.5 


.982 


.987 


.986 


.939 


.946 


.946 


.976 


.978 


.978 


.957 


.960 


.957 


11.0 


.958 


.972 


.971 


.941 


.949 


.949 


.975 


.981 


.977 


.961 


.965 


.962 


11.5 


.885 


.909 


.921 


.947 


.954 


.953 


.976 


.981 


.977 


.964 


.968 


.965 


12.0 


.836 


.860 


.873 


.954 


.960 


.957 


.983 


.982 


.980 


.970 


.973 


.968 


12.5 


.833 


.848 


.856 


.959 


.963 


.962 


.983 


.985 


.982 


.974 


.977 


.969 


13.0 


.833 


.849 


.852 


.962 


.967 


.964 


.979 


.983 


.979 


.972 


.973 


.967 


13.5 


.833 


.848 


.852 


.964 


.970 


.966 


.951 


.962 


.962 


.975 


.962 


.955 


14.0 


.828 


.841 


.846 


.967 


.971 


.966 


.875 


.899 


.910 


.935 


.938 


.935 


14.5 


.814 


.830 


.833 


.965 


.966 


.964 


.809 


.830 


.842 


.893 


.902 


.900 


15.0 


.799 


.813 


.813 


.958 


.955 


.948 


.793 


.804 


.805 


.844 


.852 


.850 



a Average of two readings each on three specimens. 

b Emittance values low because of error from preferential mirror absorption (sect. 5.1). 
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Figure 10. Normal spectral emittance of commercially pure alumina. 

Curve represents average from six determinations; two each on three specimens. 
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FIGURE 11. Normal spectral emittance of commercially pure thoria. 

Curve represents average from six determinations; two each on three specimens. 



in this report. Also, it is interesting to note that the 
two standard deviations are related in the following 
way 



Sl+nSl 



(8) 



where Sb is the sample estimate of the standard de- 
viation due to differences between specimens. 



As shown in table 3, the values of S w fall in the range 
0.001 to 0.021 and are largely independent of tempera- 
ture. Their magnitude, however, is a function of 
wavelength, the values being appreciably larger at the 
short wavelengths than at the long. The values of 
Sx, on the other hand, are less well behaved due to 
the manner in which they depend upon differences 
between specimens. For example, the average value 
of S% is about 0.008 in the wavelength region 1 to 6 //, 
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FIGURE 12. Normal spectral emittance of commercially pure magnesia. 

Curve represents average from six determinations; two each on three specimens. 
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Curve represents average from six determinations; two each on three specimens. 



for the alumina, magnesia, and zirconia specimens, 
but for thoria the average is approximately 0.041 over 
this same region. Visual examination of the thoria 
specimens revealed that one of the three (T-10) was 
darker in color than the other two. This was the 
same specimen that yielded high emittance in the 
short wavelength regions. For example, at 2 /jl the 
average emittances from the two determinations on 
the three thoria specimens were as follows: 



Spec. No. 


Ave. e H k at 2 //, 




1200 °K 


1400 °K 


1600 °K 


T-10 


0.276 
.201 
.193 


0.367 
.299 
.292 


0.437 


T-ll 


.382 


T-12 


.377 
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Table 3. Standard deviations due to error in measurement 









Sample estimate, S w , o 


standard deviation due to 


error in measurement a 










Wavelength 


Alumina 


Thoria 


Magnesia 


Zirconia 


M 


1200 


1400 


1600 


1200 


1400 


1600 


1200 


1400 


1600 


1200 


1400 


1600 


1 


0.00376 


0.00163 


0.00464 


0.00582 


0.00862 


0.00367 


0.00141 


0.00091 


0.00408 


0.00780 


0.00523 


0.00410 


2 


.00058 


.00372 


.00212 


.00570 


.00404 


.00706 


.00314 


.00319 


.00520 


.01511 


.01185 


.00700 


3 


.00684 


.01470 


.01390 


.00493 


.00464 


.01173 


.00346 


.00684 


.00890 


.01674 


.01380 


.00889 


4 


.00689 


.00801 


.00954 


.00777 


.00919 


.01358 


.00671 


.01021 


.01390 


.02071 


.01652 


.01266 


5 


.00793 


.00696 


.00793 


.00927 


.01099 


.01389 


.00757 


.00933 


.01507 


.01618 


.01363 


.00881 


6 


.00850 


.00478 


.00635 


.01002 


.01179 


.01488 


.00814 


.00458 


.00751 


.01081 


.01034 


.00498 


7 


.00153 


.00289 


.00507 


.00389 


.01797 


.00751 


.00332 


.00615 


.00809 


.00835 


.00523 


.00493 


8 


.00091 


.00220 


.00396 


.00534 


.00456 


.00346 


.00297 


.00370 


.00464 


.00292 


.00168 


.00394 


9 


.00220 


.00235 


.00449 


.00351 


.00379 


.00416 


.00349 


.00204 


.00238 


.00420 


.00300 


.00204 


10 


.00187 


.00242 


.00465 


.00402 


.00361 


.00329 


.00376 


.00300 


.00314 


.00297 


.00204 


.00402 


11 


.00277 


.00321 


.00385 


.00406 


.00208 


.00523 


.00332 


.00337 


.00122 


.00422 


.00258 


.00245 


12 


.00518 


.00520 


.00486 


.00458 


.00372 


.00274 


.00385 


.00332 


.00231 


.00168 


.00410 


.00306 


13 


.00513 


.00451 


.00754 


.00332 


.00351 


.00300 


.00416 


.00321 


.00122 


.00129 


.00311 


.00041 


14 


.00670 


.00513 


.00802 


.00389 


.00449 


.00442 


.00574 


.00505 


.00480 


.00071 


.00178 


.00387 


15 


.00780 


.00822 


.00883 


.00058 


.00614 


.00890 


.00518 


.00596 


.01122 


.00464 


.00297 


.00367 



a Each entry corresponds to three degrees of freedom. 



Table 4. Overall standard deviation 







Standard deviation, Si 


, due to differ 


ences between specimens 


ind random error of measurement a 








Wavelength 


Alumina 


Thoria 


Magnesia 


Zirconia 


V> 


1200 


1400 


1600 


1200 


1400 


1600 


1200 


1400 


1600 


1200 


1400 


1600 


1 


0.00407 


0.00721 


0.01077 


0.04497 


0.03311 


0.02943 


0.00624 


0.00673 


0.00757 


0.00465 


0.00416 


0.00679 


2 


.00486 


.00764 


.01258 


.04612 


.04102 


.03362 


.00300 


.00687 


.00660 


.00553 


.00525 


.00939 


3 


.00597 


.01169 


.01473 


.04418 


.04526 


.03597 


.00400 


.00776 


.00889 


.00676 


.00633 


.01225 


4 


.00541 


.01125 


.01136 


.04571 


.04592 


.04024 


.00530 


.01025 


.01159 


.00912 


.00725 


.01334 


5 


.00937 


.00854 


.00975 


.04258 


.04217 


.03892 


.00624 


.00889 


.01002 


.00879 


.00606 


.01190 


6 


.00705 


.00701 


.00752 


.03744 


.03783 


.03646 


.00407 


.00541 


.00695 


.00621 


.00797 


.00855 


7 


.00597 


.00247 


.00626 


.02948 


.03248 


.02980 


.00391 


.00379 


.00486 


.00318 


.00551 


.00525 


8 


.00650 


.00475 


.00633 


.01779 


.02019 


.01473 


.00419 


.00650 


.00333 


.00306 


.00362 


.00161 


9 


.00375 


.00401 


.00626 


.00275 


.00729 


.00404 


.00401 


.00377 


.00318 


.00150 


.00176 


.00050 


10 


.00568 


.00379 


.00425 


.00293 


.00355 


.00325 


.00377 


.00189 


.00300 


.00236 


.00257 


.00132 


11 


.00527 


.00425 


.00548 


.00321 


.00180 


.00200 


.00375 


.00306 


.00202 


.00100 


.00153 


.00000 


12 


.00454 


.00522 


.00625 


.00444 


.00153 


.00229 


.00506 


.00325 


.00351 


.00029 


.00229 


.00058 


13 


.00605 


.00725 


.00737 


.00275 


.00328 


.00257 


.00404 


.00247 


.00278 


.00318 


.00126 


.00293 


14 


.00825 


.00759 


.00804 


.00586 


.00225 


.00202 


.00506 


.00701 


.00506 


.00058 


.00321 


.00328 


15 


.00813 


.00978 


.00709 


.00391 


.00501 


.00306 


.00501 


.00477 


.00666 


.00350 


.00104 


.00450 



a Each entry corresponds to two degrees of freedom. 



At 10 fji and beyond all three thoria specimens were 
in excellent agreement as indicated by the Sx values 
plotted in figure 14. This observation suggests that 
minor variations in composition can have appreciable 
effects on the emittance at low wavelengths without 
causing any significant changes in the longer wave- 
length region. 

c. Lack of Stability of Zirconia Specimens 

The first shipment of zirconia specimens showed 
poor reproducibility of the emittance curves for re- 
peated determinations on the same specimen. Since 
the degree of reproducibility seemed to be associated 
with the time of testing at 1600 °K, a series of hourly 
measurements was made on a zirconia specimen main- 
tained at that temperature. The emittances were 



found to progressively increase at the short wave- 
lengths and progressively decrease at the longer 
wavelengths. The observed changes after 4V2 hr 
at 1600 °K are shown in figure 15. X-ray diffraction 
patterns made before and after the 1600 °K treatment 
showed that the zirconia had become partially de- 
stabilized. Before testing the crystal structure was 
primarily cubic; however, after 5 hr at 1600 °K, the 
percentage of the monoclinic form had increased by a 
factor of about three. Thus, although calcium oxide 
had been added to the zirconia to "stabilize" it as a 
cubic solid-solution crystal [22], the degree of stabil- 
ization actually achieved was inadequate. A later 
shipment of zirconia showed less significant changes 
in emittance after a similar test at 1600 °K. The data 
reported in the tables were obtained with zirconia 
specimens from the latter shipment. 
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Later shipment did not show this behavior. 



d. Effect of Temperature on Emittance the emittances are high, than at shorter wavelengths 

where the emittances are low. In fact, in a few cases 
Inspection of table 2 shows that the emittance of at the long wavelengths no measurable change was 



all four materials increases with increasing tempera- 
ture. As shown in table 5 the magnitude of the in- 
crease is much less at the longer wavelengths, where 



observed, and for three cases in table 5 a small nega- 
tive coefficient is reported, although these negative 
values are not believed to be real. 
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Table 5. Average increases in emittance per 100 °K over 
1200 to 1600 °K temperature range 



Wavelength 
in microns 


Average increase in e>, per 100 °K a 


Alumina 


Thoria 


Magnesia 


Zirconia 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 


0.009 
.011 
.010 
.009 
.018 
.016 
.005 
.001 





.003 

.009 

.005 

.004 

.004 


0.040 
.044 
.045 
.044 
.033 
.026 
.022 
.015 
.004 
.001 
.002 
.001 


-.002 


0.011 
.014 
.014 
.014 
.013 
.012 
.016 
.010 
.005 
.001 
.001 
-.001 


.009 
.003 


0.034 
.030 
.027 
.019 
.017 
.012 
.009 
.004 
.002 
.001 

-.001 
-.001 

.002 



"Computed by subtracting emittance at 1200 °K from emittance at 1600 °K and dividing 
by four. 



Some metals have been shown to have a negative 
temperature coefficient of spectral emittance in the 
very short wavelength regions and a positive coeffic- 
ient at the longer wavelengths [23]. This means that 
a "crossover" or 'Vpoint" exists in the emittance 
curves, and at the wavelength of this "jt-point" the 
spectral emittance is independent of temperature. 
Comparison of the rotating-cylinder data for a plati- 
num-13 percent rhodium alloy with other types of 
measurements made in the same laboratory by other 
methods [13, 24, 25] strongly suggests that an "ap- 
point" exists for this alloy also. This comparison is 
shown in figure 16. 

No such crossover points were observed for the 
oxide specimens in the particular wavelength and 
temperature ranges investigated. At the long wave- 
lengths the temperature dependence approaches 
zero but since the emittances in this region are already 
above 0.90, it would obviously be impossible for the 
emittances to increase by any appreciable extent 
with temperature. 

Figures 17 and 18 compare the changes in emittance 
with temperature obtained by the rotating-cylinder with 
those reported by other investigators [7, 26, 27, and 
28]. The agreement between the reported values is 
better at 10.0 fx than at 2.0 /jl. At both wavelengths, 
however, the trend is toward positive coefficients. 

For this relatively narrow temperature range the 
data points obtained from the present measurements 
are roughly linear with temperature. This relation- 
ship can not be expected to apply in general. In 
fact, it does not even extend downward to room tem- 
perature as indicated by the curves plotted in figure 19. 
The room-temperature (300 °K) points were computed 
from reflectance measurements made with an ellipsoi- 
dal reflectometer that measures absolute reflectance 
of specimens irrespective of whether they are specular, 
diffuse, or only partially diffuse in their reflection be- 
havior [24]. The specimens were prepared with the 
same materials and processing used for the cylinders. 
Since the measurements were made under near-normal 
illumination and hemispherical viewing, the reflec- 
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FIGURE 16. Emittances of a platinum- 13 percent rhodium alloy at 
three temperatures. 

Determinations by all three methods were made in air on specimens that had been 
heated for 1 hr at 1850 °K prior to measurement. 



tances can, in accordance with KirchhofFs law, be 
converted to spectral normal emittance by subtracting 
the reflectances from unity. The fact that the points 
computed from the room-temperature reflectances fall 
reasonably well in line with the rotating-cylinder points 
tends to lend credence to both sets of data. 

e. Comments on Use of Data for Heat Transfer Computations 

In the past many heat transfer computations have 
been made with the assumption that the spectral emit- 
tance does not change greatly with temperature. The 
present results indicate that this is not a safe assump- 
tion for the polycrystalline oxide materials. Thoria, 
for example, shows almost a fourfold increase in emit- 
tance at 2 fji when the temperature is raised from 300 
to 1600 °K. Many more data of this type on tempera- 
ture dependence are needed before completely reli- 
able heat transfer analyses will be possible. Tem- 
perature dependence data for both metals and non- 
metals below room temperature are practically non- 
existent and emittance data suitable for computing 
temperature coefficients are notably absent. The re- 
flectance approach has been suggested as a means of 
obtaining these data because of its potentially greater 
accuracy [13, 24]. Much can be said for this ap- 
proach at low temperatures, but at high temperatures 
difficulties can be expected because of noise in the 
signal caused by the high background of radiant flux 
that is emitted from the specimen. Therefore, it 
seems likely that at temperatures above about 1200 
°K, direct measurements of emittance will continue to 
provide the most reliable data. 

The emittances presented in the tables and figures 
of this report are for specimens of the compositions 
and structures outlined in section 6.1. Specimens 
prepared by different processing from materials of 
different purity, or from materials with different types 
of impurities, would be expected to show somewhat 
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FIGURE 17. Comparison of reported effects of temperature on normal spectral emit- 

tance at 2 fi. 

Source of data is given by reference number in brackets. 
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FIGURE 19. Temperature dependence of normal spectral emittance. 

Open circles are rotating specimen data: closed circles were computed from reflectance data measured with 
ellipsoidal mirror reflectometer (reference 24). 



different emittances, especially in the short wave- 
length region. For this reason, the emittances as 
reported herein should not be taken as the emittance 
of all alumina, thoria, magnesia, or zirconia materials. 
The only method that will define the thermal radiation 
properties of any given engineering material is actual 
measurement by a reliable technique. 

Temperature gradients will normally exist in oxide 
parts used in engineering applications inasmuch as 
these parts are usually heated in such a way that one 
or more of the surfaces is free to radiate to ambient. 
Emittances measured for a specimen with no tempera- 
ture gradients could of course be used for heat transfer 
calculations for such parts if the gradients were small. 
In those cases where the gradients are large, however, 
the emittances determined for isothermal specimens 
should be used with caution because of the sizable 
changes of € n x with temperature that occur in some 
wavelength regions (table 3). 



f. Correlation of Data 



for Alumina With Reported Absorption 
Coefficients 



The changes observed in normal spectral emittance, 
€ n \, with both wavelength and. temperature undoubt- 
edly reflect changes that are occurring in the optical 
properties of the materials. Recently Gryvnak and 
Burch [29] measured the absorption coefficient of 
single crystal alumina (sapphire) from room-tempera- 
ture to the melting point. Figure 20 is copied from 
their data. It will be noted that the absorption 
coefficient of sapphire increases with increasing tem- 
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perature and that the temperature dependence is 
greater at the shorter than at the longer wavelengths. 
The temperature dependence of emittance shows a 
somewhat similar behavior (table 3). This similarity 
is to be expected since, from a reflectance analogy, as 
absorption within the material increases the amount of 
the incident energy that emerges from the surface as 
reflected energy decreases. Therefore, the reflec- 
tance will decrease with increasing absorption coeffi- 
cient, and the emittance will increase. 

Figure 20 shows a dip in the absorption coefficient- 
wavelength curves in the range 1 to 3 fx. As shown in 
figure 10, a slight dip was also found when e n \, for the 
polycrystalline alumina, was plotted against wave- 
length. This dip, however, was not as pronounced 
for alumina as it was for magnesia (fig. 12), and zir- 
conia (fig. 13). 

7. Summary 

Equipment is described for measurement of the 
normal spectral emittance of polycrystalline ceramics 
in the temperature range 1200-1600 °K. Specimens 
consisted of hollow cylinders that were rotated at 
100 rpm in a furnace enclosure before a water-cooled 
viewing port. 

Various sources of error were investigated. The 
major source was determined to be furnace radiation 
that was reflected and/or scattered by the specimen 
into the specimen beam. At 2 /x and 1200 °K, this 
effect could cause measured values of emittance to be 
as much as +0.02 higher than the true value. Tem- 
perature uncertainties would contribute ±0.008 as a 
maximum while the random error of measurement 
will be on the order of ±0.004. Thus, the true values 
of emittance at 2 jX and 1200 °K for the particular speci- 
mens measured might be as much as 0.032 lower or 
0.012 higher than the reported values. 

Measurements were made on commercially pure, 
polycrystalline specimens of alumina, thoria, mag- 
nesia, and zirconia. All showed similar behavior in 
that the emittance was low in the shorter wavelength 
regions and high at the longer wavelengths. Over the 
temperature range investigated the temperature coeffi- 
cients of spectral emittance were positive for all four 
materials. The coefficients, however, varied with the 
material, those for thoria being much higher than for 
the other three. In all cases coefficients were greater 
at short wavelengths than at long. 

The data were shown to be consistent with those 
obtained by several other measurement methods and 
in the case of alumina, the data were consistent with 
recently reported absorption coefficients for sapphire. 
Temperature coefficients appeared plausible on the 
basis of room-temperature reflectance measurements 
made on the same materials. 
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9. Appendix A. Analysis of Error Caused by 
Nonisothermal Blackbody Furnace 

Consider a cylindrical blackbody furnace cavity, 
whose back wall is maintained at 1200 °K and whose 
sides are at 1225 °K. Further, assume that the cavity 
is constructed of an opaque material with an emit- 
tance ex of 0.50 at all wavelengths. As a first approxi- 
mation, the energy radiated along the axis of the 
cavity will consist of two components, an emitted 
component, €\W(k, 7&), and a reflected component, 
p\W(\, T s ), where W(k y T) is Planck's expression for 
the energy radiated by a blackbody at temperature T. 
Tfc is the temperature of the back wall, and T s is the 
temperature of the sides. Since the reflectance of 
the back wall will be p\=l — e\, its reflectance will 
be 0.50. One can then write for the energy distribu- 
tion of radiant flux, W\ 



r x =o.5o w{\, r 6 )-ho.5o r(\, t 8 ) 

= 0.50 W(\, 1200 °K) + 0.50 W(k, 1225 °K) 



(Al) 



When an optical pyrometer is sighted on the furnace 
opening, as was done in the present measurements, 
the indicated temperature, T\ at A. = 0.65 /jl is assumed 



to be that of a perfect blackbody. Thus, one can 
write: 

fl^O.65 (i, T) = 0.50^(0.65 ^ 1200 °K) 

+ 0.50)^(0.65 )it, 1225 °K). (A2) 

The error E k introduced by assuming that the non- 
isothermal furnace can be approximated by a perfect 
blackbody at the optical temperature T is 

Sx(%) = r >-ff X ' r) xi00. (A3) 

A computer program, prepared to calculate T' and 
E\ at 0.25 fi intervals over the range 1 to 15 /jl, showed 
a maximum error of only 0.44 percent. This occurred 
at a wavelength of 1.25 jjl. At 10 /jl the error is only 
0.14 percent. 

The blackbody furnaces used in this investigation 
had gradients less severe than those assumed in the 
calculation, and the emittance of the actual cavity 
walls is significantly higher than 0.50. Thus, the 
energy radiated along the axis of the laboratory fur- 
naces should even more closely approximate blackbody 
radiation. At higher temperatures, 1400 and 1600 
°K, the Planck Function W(X, T) is less sensitive to 
temperature differences, and the measured gradients 
are smaller, so that the errors will be even less sig- 
nificant than at 1200 °K. 
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